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Abstract 
We have investigated the polarity of terahertz (THz) electromagnetic waves from GaAs-based dilute nitride (GaAs1-xNx and 
InyGa1-yAs1-xNx) epitaxial layers to clarify the effects of nitrogen incorporation on the direction of the surface band bending. The 
THz-wave polarities of the dilute nitride samples are reversed compared with those of an i-GaAs/n-GaAs sample that has an up-
ward surface band bending; namely, the dilute nitride samples have a downward band bending. The polarity reversal is attributed
to the phenomenon that the conduction band bottom is lowered by the band anticrossing due to the nitrogen incorporation, which 
changes the direction of the band bending. 
PACS: 78.47.-p; 78.67.Pt 
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GaAs-based dilute nitrides, e.g. GaAs1-xNx and InyGa1-yAs1-xNx, have an interesting property that they exhibit gi-
ant negative bowing of the band-gap energy as a function of nitrogen content. For example, in GaAs1-xNx, the reduc-
tion of the band-gap energy is 180 meV per nitrogen mole fraction of 1 % [1]. The mechanism of the band-gap en-
ergy reduction has been intensively investigated. According to the earlier works in GaAs-based dilute nitrides [2, 3], 
a strong interaction between the conduction band of the host material and nitrogen energy level causes a band an-
ticrossing, which produces the lower and upper subbands. The lower subband corresponds to the band edge, and the 
band-gap energy exhibits a large negative bowing. Thus, the origin of the band-gap energy bowing has been identi-
fied.  
It is considered that, like other compound semiconductors, the GaAs-based dilute nitride epitaxial layers also 
have a surface potential bending, which is dominated by numerous deep levels on the surface. The above considera-
tion raises an interesting problem whether the incorporation of nitrogen modifies the surface band bending. In order 
to investigate the direction of the surface potential bending, we focus our attention on the polarity of the terahertz 
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(THz) electromagnetic wave from a sample. Compound semiconductors, by being irradiated by femtosecond-laser 
pulses, emit a THz wave resulting from a surge current in the surface band bending [4]. In the case where the con-
duction band bends upward (downward) at the surface region, the electrons flow into the internal (surface) side of a 
crystal. The change in an electron-flow direction causes the reversal of the polarity of the THz wave; therefore, the 
THz-wave polarity is sensitive to the direction of the surface band bending. 
In the present work, we investigated the surface band bending of the GaAs-based dilute nitride epitaxial layers by 
analyzing the polarity of the THz wave from the samples. The present paper is organized as follows. Initially, we 
introduce an i-GaAs/n-GaAs epitaxial layer structure and demonstrate the appropriateness as a reference sample 
from the viewpoint of the surface potential structure. Next, we show the THz waveforms from the i-GaAs/n-GaAs 
structure, semi-insulating GaAs (SI-GaAs) crystal and undoped GaAs1-xNx epitaxial layer with x = 1.53 %. It is 
found that the nitrogen incorporation causes the reversal of the THz wave polarity, which suggests the change in a 
surface band bending in the GaAs1-xNx sample. We discuss the mechanism of the change in the surface band bending 
on the basis of a band anticrossing model for GaAs-based dilute nitrides. We have also investigated an InyGa1-yAs1-
xNx epitaxial layer in order to clarify whether the direction reversal of the surface potential bending is universal in 
GaAs-based dilute nitrides. 
In order to explain the photogenerated carriers flow in the i-GaAs/n-GaAs epitaxial layer structure that is a refer-
ence sample, we numerically calculated the equilibrium potential structure in the i-GaAs(200 nm)/n-GaAs(3 Pm, 3 u
1018 cm-3) sample on the basis of the Boltzmann-Poisson model [5, 6], where the values in the parentheses denote 
the individual layer thickness and doping concentration. The parameters used in the calculations are the same as 
those used in Ref. 7. It should be noted that the surface Fermi level of i-GaAs locates at almost the center of the 
band gap [7, 8]. The results of the above-mentioned calculation are shown in Fig. 1. In Fig. 1, the solid line denotes 
the conduction-band energy as a function of distance from the surface, where the origin of the energy axis corre-
sponds to the Fermi level indicated by the dashed line. The conduction-band energy has a finite potential slope in the 
i-GaAs layer induced by the surface Fermi-level pinning, which produces a uniform built-in electric field of 35 
kV/cm in the i-GaAs layer. Such a relatively high electric field is sufficient to cause a surge current induced by the 
drift motion. Consequently, the electrons generated in the i-GaAs layer flow into the n-GaAs underlayer, while the 
holes generated in the i-GaAs layer flow into the i-GaAs surface side. As a result, it is evident that the surface surge 
current, which is a sum of the electron and hole fluxes, flows toward the i-GaAs surface side. The above-mentioned 
current flow enables the i-GaAs/n-GaAs epitaxial layer structure to be a reference sample to check the polarity of 
the THz electromagnetic waves. 
The samples used were a (001)-oriented semi-insulating (SI) GaAs crystal doped with CrO, an undoped GaAs1-
xNx epitaxial layer with x = 1.53 %, and an InyGa1-yAs1-xNx epitaxial layer with x = 5.0 % and y = 14 %. The thick-
nesses of the GaAs1-xNx and InyGa1-yAs1-xNx epitaxial layers were 500 nm. The i-GaAs(200 nm)/n-GaAs(3 Pm, 3 u
1018 cm-3) epitaxial layer structure was also used as a reference sample. 
The time-domain THz emission signals from the samples were measured with use of laser pulses with a duration 
time of about 70 fs. The repetition rate of the laser pulse was ~90 MHz. The pump beam was focused on the sample 
with the angle of incidence of 45q. The diameter of the spot on the sample surface was ~100 Pm. The emitted THz 
beam was collected with use of two off-axis parabolic mirrors, and was received by an optically gated bow tie an-
tenna with a gap of 5.0 Pm formed on a low-temperature-grown GaAs layer. The THz beams directly illuminated 
the front side of the antenna in the present optical configuration. The powers of the pump and gate beams were fixed 
to 40 and 4.0 mW, respectively. The wavelengths of the pump and gate beams were the same: 800 nm. All the 
measurements were performed in the air at room temperature. The humidity was confirmed to be constant during the 
measurement. All the THz waveforms were, therefore, obtained under the same condition. 
Figure 2 shows the waveforms of the THz emission from the measured four samples at the pump-beam power of 
40 mW. All the samples show single oscillation around the time delay of 0 ps, the so-called first burst. It is obvious 
that the amplitude of the first burst of the i-GaAs/n-GaAs sample is the largest of all the samples. This originates 
both from the electric field sufficient to launch the drift current and from the completely depleted thick i-GaAs layer, 
which results in preventing free carrier absorption. The details of characteristics of the THz emission from the i-
GaAs/n-GaAs sample have already been described in Ref. 9. As the time delay increases, the polarity of THz wave 
from the i-GaAs/n-GaAs sample changes from the negative to the positive. The THz-wave polarity of the SI-GaAs 
sample is the same as that of the i-GaAs/n-GaAs sample, which indicates that the direction of the photogenerated 
current producing the THz wave in the SI-GaAs sample is the same as that in i-GaAs/n-GaAs sample. Accordingly, 
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it is considered that the present SI-GaAs sample has an upward band bending at the surface region. As shown in Fig. 
2, the first burst amplitude of the SI-GaAs sample is the smallest, which suggests that the surface band bending is 
relatively small. 
In contrast, the THz-wave polarity of the GaAs1-xNx sample with x = 1.53 % is reversed compared with that of the 
i-GaAs/n-GaAs sample, which means that the photogenerated current direction in the GaAs1-xNx sample is opposite 
to that of the i-GaAs/n-GaAs sample. The GaAs1-xNx sample, therefore, has a downward band bending at the surface 
region. This indicates that the incorporation of the nitrogen can change the direction of the surface band bending. 
Next, we discuss the mechanism causing the reversal of the direction of the surface band bending in the GaAs1-
xNx samples. In general, the surface Fermi level pinning originates from large amount of deep levels at the surface 
locating within the forbidden band. The electronic wave functions of the deep levels are strongly localized in the 
atomic-order region. The average distance between the nitrogen atoms is estimated to be several ten nanometers in a 
GaAs1-xNx epitaxial layer with x = 1 %, taking account of the fact that the atomic monolayer thickness is 0.283 nm 
for the (001) direction in GaAs [10]. In addition, the energy of the nitrogen level locates above the conduction-band 
bottom. These facts suggest that the nitrogen incorporation can not disturb the electronic wave functions of the deep 
levels; therefore, the energies of the deep levels relative to the vacuum level are not influenced by the nitrogen in-
corporation. 
The nitrogen incorporation, however, strongly influences the conduction band according to the band anticrossing 
model. In the framework of the band anticrossing model, the conduction band of GaAs and the energy level of the 
incorporated nitrogen strongly interact with each other. As a result, the conduction band of GaAs splits into the up-
per (E+) and lower (E-) subbands, whose energies are expressed by the following equation: [2,3] 
The quantities of Eg,GaAs, EN, and CGaAs,N are the fundamental transition energy of GaAs, the energy position of ni-
trogen-related level, and the hybridization matrix element, respectively [2, 3]. The energy level of the incorporated 
nitrogen locates above the conduction-band bottom by 226 meV, where the value of 226 meV corresponds to the 
energy difference between EN [1] and the band-gap energy of GaAs [11]. The above interaction generates the E+ and 
E- subbands through the band anticrossing. We calculated the energies of the E+ and E- subbands in the GaAs1-xNx
sample using Eq. (1). In the calculation, the values of Eg,GaAs, EN, and CGaAs,N are 1.424 (Ref. [10]), 1.65 (Ref. [11]), 
and 2.7 eV (Ref. [11]), respectively. The E+ and E- subband energies at the * point are estimated to be 1.890 and 
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 Figure 1. Potential energy of the i-GaAs(200 nm)/n-GaAs(3 
Pm, 3 u 1018 cm-3) epitaxial layer structure as a function of 
distance from the surface calculated on the basis of the Boltz-
mann-Poisson model. The solid and dashed lines indicate the 
conduction-band energy and Fermi level, respectively. 
 Figure 2. Amplitudes of the THz electromagnetic waveforms of 
the i-GaAs(200 nm)/n-GaAs(3 Pm, 3 u 1018 cm-3), SI-GaAs, 
GaAs1-xNx (x = 1.53 %) and InyGa1-yAs1-xNx epitaxial layer (x = 
5.0 %, y = 14 %) samples as a function of time delay at room 
temperature. 
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1.184 eV, respectively. This result indicates that the incorporation of the nitrogen lowers the energy of the conduc-
tion band bottom by 240 meV in the GaAs1-xNx sample. The bottom energy of the E- subband relative to the vacuum 
level, therefore, becomes larger than the conduction bottom energy of GaAs relative to the vacuum level; namely, 
the E--subband bottom approaches the deep levels responsible for the surface Fermi level pinning. In contrast, in the 
inside far away from the surface, the Fermi level in GaAs1-xNx locates at almost the center of the band gap according 
to thermal statistical mechanics. 
Here, we denote the energy difference between the conduction-band bottom and the surface Fermi level as 'Isurf.
In the case where the nitrogen incorporation causes the downward shift of the E- subband, the quantity of 'Isurf be-
comes smaller. In the same manner, we denote the energy difference between the conduction-band bottom and the 
Fermi level in the inside of the crystal as 'Iin. From the above discussion on the Fermi level in the inside of the 
crystal, it is apparent that 'Iin is constant and that the value of 'Iin is almost equal to the half of the band-gap en-
ergy. Thermal statistical mechanics tells us that, at equilibrium, the Fermi level is uniform from the surface to the 
inside in the crystal. It should be reminded that the surface Fermi level locates at the center of the band gap in GaAs, 
which means that the surface band bending is negligibly small in a realistic GaAs crystal: 'Isurf - 'Iin | 0. In GaAs1-
xNx, even the small nitrogen incorporation makes the value of 'Isurf - 'Iin negative owing to the band anticrossing 
producing the E- subband in the conduction band, which bends the conduction band downward. Thus, it is concluded 
that the downward surface band bending in the GaAs1-xNx epitaxial layer results from the shift of the E- subband 
toward the surface Fermi level at the surface region. This is the origin of the polarity reversal of the THz waves. 
Finally, in order to investigate the generality of the THz-wave polarity reversal in the GaAs-based dilute nitrides, 
we also measured the THz wave from the InyGa1-yAs1-xNx (x = 5.0 %, y = 14 %) sample. As shown in Fig. 2, in the 
InyGa1-yAs1-xNx sample, the polarity reversal of the THz wave is also observed. It is, therefore, concluded that the 
direction reversal of the surface potential bending induced by the band anticrossing is universal in GaAs-based di-
lute nitrides. 
In summary, we have investigated the polarity of the THz electromagnetic wave from the i-GaAs/n-GaAs epi-
taxial layer structure, SI-GaAs crystal and GaAs1-xNx epitaxial layer with x =1.53 % in order to clarify the direction 
of the surface band bending. It has been observed that the THz-wave polarity of the SI-GaAs sample is the same as 
that of the i-GaAs/n-GaAs sample. This result indicates that the present SI-GaAs sample has an upward surface band 
bending. In contrast, it has been found that the THz-wave polarity of the GaAs1-xNx epitaxial layer is reversed com-
pared with that of the i-GaAs/n-GaAs sample. The present finding indicates that the GaAs1-xNx epitaxial layer have a 
downward surface band bending. The mechanism of the downward surface band bending has been discussed on the 
basis of the band anticrossing model. The downward surface band bending in the GaAs1-xNx epitaxial layer is attrib-
uted to the phenomena that the E- subband at the surface region shifts toward the surface Fermi level owing to the 
band anticrossing. We have also investigated THz wave from an InyGa1-yAs1-xNx epitaxial layer (x = 5.0 %, y = 
14 %). It has been found that the polarity of the THz wave is also reversed observed in the InyGa1-yAs1-xNx sample. 
Thus, we conclude that the direction reversal of the surface potential bending induced by the band anticrossing is 
universal in GaAs-based dilute nitrides. 
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